Glucose stimulation increased the cAMP content of collagenase-isolated rat pancreatic islets fourfold above baseline values. The elevation was transient, lasting about 5 min, and was dose-dependent. Insulin release continued at a constant rate throughout the incubation. -Glucagon, in the absence of glucose, increased cAMP for about 1 min, but only slightly, and had no effect on insulin release. In the presence of glucose, however, glucagon enhanced islet cAMP content 15-fold and increased the release of insulin. Glucagon was most effective at high glucose concentrations (16.6 and 25 mM). -This indicates that glucagon is critically dependent on the presence of glucose in order to increase the islet cAMP content and to stimulate insulin release. The inability of glucagon to generate sufficient cAMP in the absence of glucose might be one of the reasons why the hormone is a potentiator rather than an initiator of insulin release.
Cyclic adenosine monophosphate (cAMP) is thought to be a main component of the stimulussecretion coupling processes involved in the release of insulin (for review see [1, 2] ). Positive correlations between cAMP content of islets and the rate of insulin (IRI) release after stimulation with secretagogues are usually quoted in support of this concept.
Stimulators of IRI release are either initiators or potentiators. Initiators increase rates of secretion on their own [3] . Potentiators are only effective in the presence of threshold concentrations of initiators [4] [5] [6] . It is presently undecided whether analogous differences exist between initiators and potentiators in their effects upon islet cAMP metabolism.
We therefore studied the dose-dependency and the kinetics of cAMP accumulation and of IRIrelease in isolated rat pancreatic islets stimulated by glucose (an initiator) or glucagon (a potentiator), either alone or in combination.
Materials and Methods
Male Wistar rats (220-270 g), fed Altromin | and water ad libitum, were used throughout the study. Isolation of islets from pancreas was by collagenase [7] two hours after intraperitoneal administration of 0.6 ml pilocarpine hydrochloride (2% w/v).
Crystalline porcine glucagon (lot 258-D30-128-4) was a gift from Eli Lilly Co., Indianapolis, USA. Crystalline rat insulin was purchased from Novo Research Institute, Copenhagen, Denmark; Bovine sertma albumin from Behringwerke Marburg, FRG; 125-I-porcine insulin (specific activity 150-200 mC/mg) from Farbwerke Hoechst A.G. Frankfurt, FRG; 3H-cyclic-AMP (specific activity 20-30 Ci/mmole) from NEN Chemicals GmbH, Dreieichenhain, FRG. All other reagents were analytical grade and were obtained from E. Merck A.G., Darmstadt, FRG.
To avoid contamination by non-islet tissue, islets were transferred twice to fresh Petri dishes. Prior to the experiments the islets were preincubated for 30 min in 2 mM glucose. Batches of 20 islets were then incubated from 1 to 20 min in 500 ~tl Krebs-Ringer bicarbonate (KRB) buffer (pH 7.4; 37 ~ 72 cycles/ min) as previously described [8] , with the concentrations of glucose and glucagon indicated in the figures. 250 ~tl of the medium were removed 1, 2.5, 5, 10 or 20 min after the start of the experiments for determination of insulin content by radioimmunoassay [9] , with rat insulin as reference standard. The reaction was then stopped by addition of 250 ~tl ice-cold trichloracetic acid (7.5% w/v) to the remaining incubation medium (250 ~tl). After ultrasonication for 10 seconds the precipitate was removed by centrifugation and the supernatant was washed with ethyl-ether to remove the remaining trichloracetic acid. The supernatant was lyophylised to dryness, redissolved in 100 lxl KRB-buffer and assayed for cyclic AMP by the protein binding method of Gilman [10] , with slight modifications [11] . Neither glucagon nor glucose interfered with the binding assay. Mean recovery of 1 pmol cyclic AMP was 94%. Statistical analysis was by Student's "t" test, based on nonpaired comparisons.
Results
The cyclic adenosine monophosphate content of islets incubated with 16.6 mM glucose increased about fourfold within 2.5 min and declined thereaf-. ter. Basal levels were reached after 20 min. If glucagon (5 ~tg/ml) was added with glucose cAMP levels increased about 15 fold within 5 min and again declined rapidly to reach basal levels after 20 minutes (Fig. 1, upper panel) . IRI content in the media increased throughout the incubations. As expected, glucagon plus glucose was more effective in stimulating IRI-release than glucose alone (Fig. 1, lower panel) .
The ratio between IRI release and cAMP content was higher in glucose-treated islets than in islets incubated with glucose plus glucag0n (2.2 vs 1.2 at 2.5 min; 2.7 vs 0.8 at 5min; 5.5 vs 2.7 at 10 min and 17.9 vs 13.2 at 20 min respectively). Figure 2 illustrates the dose-response pattern of cAMP content in islets incubated for 5 rain with glucose (2; 5; 8; 16.6 or 25 mM) in the presence or absence of glucagon (5 ~tg/ml). The effect of glucose was dose-dependent, the minimal effective dose being about 5 mM and the maximal effective dose being about 16.6 mM. Glucose plus glucagon was significantly more effective than glucose alone, resulting in a sigmoidal shaped curve of cAMP response. Amplification of the glucose effect by glucagon began at glucose concentrations above 2 mM and was most pronounced at high glucose concentrations (16,6 and 25 mM) .
No significant changes in cyclic AMP content or IRI release were observed in islets incubated up to 20 min in KRB-buffer. Glucagon, in the absence of glucose, caused only a small increase in the content of cAMP lasting about 1 min (Fig. 3, upper panel) . This elevation was not accompanied by an increase in the release of insulin (Fig. 3, lower panel) .
Discussion
Our data suggest differences in the mode of action by which glucose and glucagon stimulate cAMPgeneration in isolated rat pancreatic islets. Glucose enhances cAMP levels in a dose-dependent manner up to fourfold above baseline values (Fig. 2) . This confirms recent observations [12] [13] [14] [15] [16] [17] , but does not agree with others [18, 19, 21] . Possible reasons for this discrepancy were previously discussed [15] .
Glucagon, in the absence of glucose, leads to a small and very transient increase in cAMP only (Fig. 3) . However, combinations of glucagon plus glucose are far more effective than glucose alone, causing a pronounced and sustained elevation of islet cAMP content (Fig. 2) . It is unclear why glucose should be essential for glucagon-induced cAMP-generation in islet tissue. Glucagon is thought to increase cAMP levels in islets by stimulating the adenylate-cyclase system [18-20, 22, 23] . According to hypothetical models, the adenylate cyclase system consists of regulatory units, a transducer and a catalytic unit [29] . The first step in glucagon action seems to be the binding to structure-discriminating receptors (regulatory unit) of the adenylate cyclase system (for review see [29] ).
There is no evidence that glucose is necessary for the binding of glucagon to the regulatory unit of the adenylate cyclase system [24, 25] . It is, however, conceivable that glucose affects the action of glucagon at a step distal to this specific binding site. Signal transduction as well as the catalytic unit seem to be influenced by substances such as Ca ++, Mg ++, GTP and ATP [29, 33, 34] . Since the metabolism of Ca ++ and ATP in islets is affected by glucose [26] [27] [28] , glucose or a glucose metabolite may play a permissive role for the action of glucagon by modulating signal transduction and/or the catalytic unit.
Accumulation of cAMP in islets is only transient (Figs. 1 and 3 ) as in many other tissues, where cAMP content falls rapidly after an initial peak [30] [31] [32] . This was also seen in perifused islets, where the cAMP content declined 2 [15] [16] after the start of the perifusion. The decline might be due to accumulation of inhibitory products [16] or to the rising insulin concentration in the incubation medium. Insulin inhibits basal and stimulated adenylate cyclase activity in islets [23] and diminishes the glucose-induced increase in islet cAMP [15] . To what extent the phosphodiesterase system is responsible for the observed decline in islet cAMP content is not known. The significance of changes in islet cAMP content for the release of insulin remains an open question. Positive correlations between cAMP content and the rate of IRI release after stimulation with secretagogues are usually quoted as evidence that cAMP is mediating the secretory effect. Thus, there is a sigmoidal increase in cAMP levels and in IRI release in response to rising glucose concentrations or to combinations between glucose plus glucagon ( [12] [13] [14] [15] [16] [17] , Fig. 2 ). The increase in cAMP content and IRI secretion is correlated with time. If cAMP accumulation is only very small, as in the presence of either low glucose concentration (Fig. 2) or of glucagon in the absence of glucose (Fig. 3) , IRI release is not stimulated.
However, whether the correlation of cAMP and IRI-release indicates a cause/effect relationship is debatable. The cAMP content in the islets reflects cAMP metabolism only partially, e.g. gives no direct information on turnover rates of cAMP and on the activity of adenylate cyclase or phosphodiesterase in islets. Furthermore, determination of the total cAMP gives no insight into the possible compartmentalisation of cAMP in the B-cells, i.e. in changes in a cAMP pool possibly more closely related to IRI release.
Indeed, there are examples where the content of cAMP does not correlate with the secretion rate of insulin. We observed the highest cAMP content in islets during the first minutes of incubation, when the IRI content in the media was still low. By contrast, at the end of incubation, i.e. when the IRI content in the medium was very high, the cAMP content/islet had returned to baseline values (Fig. 1) . In addition, it was recently reported that the ratio of IRI release/cAMP content in islets is smaller during incubation with glucose plus methylxanthines than during incubation with glucose alone [12, 14] . Thus, the pronounced effect of glucose on IRI release is correlated with a comparatively small increase in the islet's cAMP content. This was taken as evidence that cAMP probably does not mediate the IRI-releasing action of glucose [12] , a concept subsequently modified by assuming a dual role of glucose, one involving cAMP and a second operating independently of cAMP [16] .
Data available at present indicate that the correlation between cAMP content and rate of IRI release in glucose-stimulated islets is limited. A closer relation seems to exist between the potentiation of glucose-induced IRI-release by glucagon and the glucagon-induced, glucose-mediated increase in the islet cAMP content. Our data thus agree with the concept that glucagon influences IRI release via stimulating the adenylate cyclase system, but the hormone is unable to do so in the absence of glucose. This may be the reason why glucagon is a potentiator rather than an initiator of insulin secretion.
The discussion of the interactions between glucose and glucagon on cAMP-generation and IRI release by B-cells must , however, consider that the percentage of non B-cells in rat islets is relatively high and that glucose affects the release of glucagon [35, 36] , somatostatin [37] and possibly further islet hormones [38] in addition to the action on IRI release. This complicates the interpretation of the resuits considerably.
